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'HVLJQRI+36$DWDGYDQFHG,*&&
7KHK\GURJHQ36$XQLWSURGXFHVXOWUDSXUHK\GURJHQYRODWEDUZKLOHLWGLVFKDUJHVWKHWDLOJDVDW
EDU6LQFHWKH+36$WDLOJDVFRQWDLQVDFRQVLGHUDEOHDPRXQWRIK\GURJHQDQG&2LWVKRXOGEHXWLOLVHGIRUSRZHU
JHQHUDWLRQE\ IHHGLQJ LW WRDFRPELQHGF\FOH7RGR WKLV WKH+36$WDLOJDVQHHGV WREHUHFRPSUHVVHGEHIRUH LW
EHLQJVHQWWRDKLJKSUHVVXUHFRPEXVWLRQFKDPEHU*LYHQWKHIDFWWKDWWKHWDLOJDVFRPSUHVVLRQLQYROYHVVLJQLILFDQW
SRZHUFRQVXPSWLRQLWLVHVVHQWLDOWRLQFUHDVHWKHK\GURJHQUHFRYHU\DWWKH+36$FORVHWRLWVPD[LPXPLQRUGHUWR
PLQLPLVH WKH UHTXLUHG+36$ IHHG IORZUDWHDQG WKH WDLO JDVFRPSUHVVLRQZRUNDW WKH VDPH WLPH2QFH WKHPDVV
EDODQFH DURXQG WKH+36$ LV GHWHUPLQHGEDVHGRQ WKH UHTXLUHGSURGXFW IORZUDWH DQG WKHPD[LPXP+ UHFRYHU\
DFKLHYDEOHLWLVSRVVLEOHWRHVWLPDWHQHWSRZHUJHQHUDWLRQWDNLQJLQWRDFFRXQWWKHWDLOJDVFRPSUHVVLRQZRUN
,QRXUSUHYLRXVZRUN>@DQLQGHSWKVWXG\RQGHVLJQRI+36$LQWHJUDWHGZLWKDQ,*&&SRZHUSODQWZDV
FDUULHG RXW WRPD[LPL]H+ UHFRYHU\ DW WKH+36$ XQLW 7KH VWXG\ GHPRQVWUDWHG WKDW WKH+ UHFRYHU\ FRXOG EH
LQFUHDVHGE\LQFUHDVLQJWKHFRPSOH[LW\RIWKH36$VWHSFRQILJXUDWLRQWKDWHQDEOHVD36$F\FOHWRKDYHDORZHUIHHG
IORZWRRQHFROXPQIRUDGVRUSWLRQDQGWRDFFRPPRGDWHPRUHSUHVVXUHHTXDOL]DWLRQVWHSV,QWKHVWXG\WKHFROXPQ
GLPHQVLRQVZHUHNHSWFRQVWDQWLQDOOWKH36$FRQILJXUDWLRQVVRWKHWRWDOF\FOHWLPHLQFUHDVHVFRQVLGHUDEO\DQGWKH
EHGSURGXFWLYLW\GHFUHDVHVZLWKLQFUHDVLQJQXPEHURIFROXPQVIURPIRXUWRWZHOYH7KLVLVEHFDXVHPRUHWKDQRQH
FROXPQXQGHUJRVLPXOWDQHRXVO\WKHDGVRUSWLRQVWHSVRWKHWRWDOIORZUDWHLVUHGXFHGWRKDOIRURQHWKLUG,QWKLVZRUN
WKH36$VLPXODWLRQVZHUHSHUIRUPHGDWFRQVWDQWWRWDOF\FOHWLPHRIVUHJDUGOHVVRIWKHYDULRXVFRQILJXUDWLRQV
$VDUHVXOWWKHEHGSURGXFWLYLW\FDQEHDOPRVWNHSWFRQVWDQW1RWHWKDWZLWKWKHLQFUHDVLQJQXPEHURIFROXPQVWKH
YROXPHRIRQHFROXPQVKRXOGEHUHGXFHGDWWKHFRQVWDQWWRWDOF\FOHWLPHEXWWKHUDWLRRIFROXPQOHQJWKWRGLDPHWHU
LVNHSWFRQVWDQWDW 
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7DEOH(IIHFWRIWKHRQHFROXPQUHVLGHQFHWLPHGXULQJDGVRUSWLRQVWHSRQK\GURJHQSXULW\
UHFRYHU\DQGSURGXFWLYLW\DWGLIIHUHQW+36$FRQILJXUDWLRQV
2QH&ROXPQ
5HVLGHQFHWLPH
>PāVPRO@
&ROXPQOHQJWK>P@ &ROXPQGLDPHWHU>P@ +SXULW\>@ +UHFRYHU\>@ +SURGXFWLYLW\>PRO+NJDGVGD\@
)RXU&ROXPQ36$ZLWKWZRVWDJHSUHVVXUHHTXDOLVDWLRQ
     
     
     
     
6L[&ROXPQ36$ZLWKWZRVWDJHSUHVVXUHHTXDOLVDWLRQ
     
     
     
     
1LQH&ROXPQ36$ZLWKWKUHHVWDJHSUHVVXUHHTXDOLVDWLRQ
     
     
     
     
7ZHOYH&ROXPQ36$ZLWKIRXUVWDJHSUHVVXUHHTXDOLVDWLRQ
     
     
     
     

1RWHWKDWWKHFROXPQGLPHQVLRQVZHUHHVWLPDWHGEDVHGRQWKHIHHGIORZUDWHVFDOHGGRZQZLWKDIDFWRURI±

,WKDVEHHQH[SORUHGDWZKLFKRQHFROXPQUHVLGHQFHWLPHGXULQJWKHDGVRUSWLRQVWHSĲ 9)WKH+36$FDQ
DFKLHYHWKHWDUJHW+SXULW\RIYRO7DEOHVKRZVWKHHIIHFWRIUHVLGHQFHWLPHRQWKHSHUIRUPDQFHRIHDFK
+36$FRQILJXUDWLRQZLWKUHVSHFWWRK\GURJHQSXULW\UHFRYHU\DQGSURGXFWLYLW\VHH>@IRUVWHSFRQILJXUDWLRQRI
HDFK+36$FRQILJXUDWLRQ,WLVH[SHFWHGWKDWZLWKLQFUHDVLQJUHVLGHQFHWLPHWKH+SXULW\FDQEHLPSURYHGDVD
VDFULILFH RI + UHFRYHU\ DQG SURGXFWLYLW\ ,Q WKH IRXU VL[ DQG QLQHFROXPQ V\VWHPV WKH WDUJHWHG + SXULW\ LV
REWDLQHGZLWKD+36$UXQKDYLQJDFROXPQVL]HWRJLYHDUHVLGHQFHWLPHLQWKHYLFLQLW\RIPāVPRO7KLVLV
EHFDXVHDVWKHIHHGIORZUDWHWRRQHFROXPQGXULQJDGVRUSWLRQVWHSLVUHGXFHGIURPWRWDO IHHGIORZUDWHDW WKHIRXU
FROXPQ36$ WR WKH RQH WKLUG DW WKH QLQHFROXPQ36$ WKURXJK WKH RQH KDOI DW WKH VL[FROXPQ36$ WKH UHTXLUHG
YROXPH RI RQH DGVRUSWLRQ FROXPQ LV UHGXFHG DOPRVW DW WKH VDPH UDWLR +RZHYHU WKH UHVLGHQFH WLPH LV QRWDEO\
UHGXFHG WRPāVPRO IURPQLQHFROXPQ36$ WR WZHOYHFROXPQ36$ VLQFH WKH IHHG IORZUDWH WRRQH FROXPQ
GXULQJDGVRUSWLRQVWHSGRHVQRWFKDQJHEXWWKHDGVRUSWLRQVWHSWLPHGHFUHDVHVIURPWKHRQHWKLUGWRWKHRQHIRXUWKRI
F\FOHWLPHLHWKHWRWDODPRXQWRIIHHGWREHWUHDWHGE\RQHFROXPQGXULQJDGVRUSWLRQVWHSLVUHGXFHG
,WLVFOHDUO\GHPRQVWUDWHGWKDWJLYHQWKHWDUJHWHG+SXULW\RIYROWKH+UHFRYHU\LQFUHDVHVIURP
WRZLWKLQFUHDVLQJQXPEHURIFROXPQVDVVKRZQLQ7DEOHVDQG$ORQJZLWKWKHFKDQJHLQWKH+UHFRYHU\
WKHUHTXLUHGUDWLRRI+36$IHHGWRWRWDO+IXHOJDVDQGWKHUHTXLUHGWDLOJDVFRPSUHVVLRQZRUNDUHDOVRFKDQJHG
VLJQLILFDQWO\$VWKHXOWUDSXUHK\GURJHQSURGXFWUDWHZDVGHWHUPLQHGDSULRULWKHUHTXLUHGIHHGIORZUDWHIRUWKH+
36$GHFUHDVHVZLWKWKHLQFUHDVLQJ+UHFRYHU\DQGVLPXOWDQHRXVO\WKHWDLOJDVFRPSUHVVLRQZRUNGHFUHDVHVDVZHOO
7DEOH  0RUHRYHU WKH ORZHU 36$ IHHG IORZUDWH UHVXOWLQJ IURP WKH KLJKHU + UHFRYHU\ FDQ FRQWULEXWH WR
DXJPHQWHGSRZHUJHQHUDWLRQDWWKHFRPELQHGF\FOHVLQFHPRUH+IXHOJDVFDQEHVHQWWRWKHJDVWXUELQHDWFRQVWDQW
FRDOIHHGUDWH


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7DEOH)ORZUDWHUDWLRVRI36$IHHGWRWRWDO+IXHOJDVDQGWDLOJDVFRPSUHVVLRQZRUNVDPRQJYDULRXV+36$
FRQILJXUDWLRQVDWWKHFRQGLWLRQRIYRO+SXULW\DQGWRWDOF\FOHWLPHRIV
+36$FRQILJXUDWLRQ +UHFRYHU\>@
5DWLRRI+36$IHHG
WRWRWDO+IXHOJDV
>@
7DLOJDVFRPSUHVVLRQ
ZRUN>0:@
)RXU&ROXPQ36$ZLWKWZRVWDJHSUHVVXUHHTXDOLVDWLRQ   
6L[&ROXPQ36$ZLWKWZRVWDJHSUHVVXUHHTXDOLVDWLRQ   
1LQH&ROXPQ36$ZLWKWKUHHVWDJHSUHVVXUHHTXDOLVDWLRQ   
7ZHOYH&ROXPQ36$ZLWKIRXUVWDJHSUHVVXUHHTXDOLVDWLRQ   

,PSURYLQJWKHSHUIRUPDQFHE\UHF\FOLQJ+36$WDLOJDVWRVKLIWUHDFWRUV
,WKDVEHHQUHSRUWHGWKDW WKHXOWUDSXUHK\GURJHQ\LHOGFRXOGEHLPSURYHGE\UHF\FOLQJWKH+36$WDLOJDVWR
VKLIWUHDFWRUV>@DVVKRZQLQ)LJXUH7KLVLVEHFDXVHWKH&2FRQWDLQHGLQWKHWDLOJDVFDQEHFRQYHUWHGWR&2
DQG+ LQ UHDFWLRQZLWK VWHDP 7KLVPRGLILFDWLRQ FDQ DOVR OHDG WR UHGXFH WKH HQHUJ\ SHQDOW\ LQYROYHG LQ FDUERQ
FDSWXUH
+RZHYHU LW VKRXOGEHQRWHG WKDW LW LV QRWSRVVLEOH WR UHF\FOH WKHHQWLUH WDLOJDV WR WKH VKLIW UHDFWRUVGXH WRD
EXLOGXSRI LPSXULWLHV LQ WKHUHF\FOH ORRSEHLQJSURSRUWLRQDO WR WKHDPRXQWRI WDLOJDV UHF\FOH ,W LPSOLHV WKDW LW LV
HVVHQWLDOWREOHHGDSRUWLRQRIWKHWDLOJDVRXWRIWKHUHF\FOHORRSE\VHQGLQJLWWRWKHJDVWXUELQHDVVKRZQLQ)LJXUH
7KHUHIRUHLWLVLPSRUWDQWWRVHHLIWKH+36$FDQDOVREHGHVLJQHGWRDFKLHYHDVKLJKDV+UHFRYHU\HYHQ
ZLWK WKHORZHUHG+PROHIUDFWLRQLQWKHIHHGUHVXOWLQJIURPWKHUHF\FOHRIDFHUWDLQDPRXQWRIWKHWDLOJDV WRWKH
VKLIWUHDFWRUV



)LJ%ORFNIORZGLDJUDPRIDQDGYDQFHG,*&&SODQWZLWKDUHF\FOHRI+36$WDLOJDVWRVKLIWUHDFWRUV

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

)LJ8QL6LP3)'RIDQDGYDQFHG,*&&SODQWZLWKDUHF\FOHRI+36$WDLOJDVWRVKLIWUHDFWRUVZKHUHWKHG\QDPLFVLPXODWLRQ+36$
ZLWKWDLOJDVUHF\FOHLVLQWHJUDWHGZLWK+RQH\ZHOO8QL6LPVLPXODWLRQ,*&&SRZHUSODQWVLPXODWLRQ

,QWKLVVWXG\WKHDGVRUSWLRQFROXPQYROXPHRIWKHQLQHFROXPQ+36$ZLWKWKHWRWDOF\FOHWLPHRIVLV
VRXJKWWRJLYHWKHWDUJHWHGYRO+SXULW\ZKHQWKH+PROHIUDFWLRQLQIHHGLVORZHUHGWRGXHWRWKHWDLO
JDV UHF\FOH 7R GR WKLV VWXG\ LW LV SUHUHTXLVLWH WR FRQVWUXFW DQ LQWHJUDWHG SURFHVV VLPXODWLRQZKHUH WKH LQKRXVH
G\QDPLF+36$VLPXODWRULVLPSRUWHGLQWRWKH8QL6LP,*&&VLPXODWLRQDVVKRZQLQ)LJXUH$VDUHVXOWRIWKH
VLPXODWLRQ VWXG\ LW LV HVWLPDWHG WKDW WKHRQHFROXPQ UHVLGHQFH WLPH VKRXOGEH LQFUHDVHG WRPāVPRO IURP
PāVPRO LH WKH+ 36$XQLW VKRXOGEHGHVLJQHGZLWK D ODUJHU FROXPQ WR DFFRPPRGDWH WKHKLJKHU IHHG
IORZUDWHDQGWRUHPRYHPRUHLPSXULWLHV$FFRUGLQJO\WKH+UHFRYHU\LVORZHUHGWRDURXQGIURPGXHWR
WKHLQFUHDVHLQWKHFROXPQYROXPH
&RQFOXVLRQV 
$ GHWDLOHG VLPXODWLRQ RI DQ DGYDQFHG ,*&& SODQW WR SURGXFH SRZHU DQG XOWUDSXUH K\GURJHQ VLPXOWDQHRXVO\
ZKHUH&2 LV LQWULQVLFDOO\FDSWXUHGE\DSUHFRPEXVWLRQFDSWXUHKDVEHHQSURSRVHG LQ WKLV VWXG\7KH+36$ LV
GHVLJQHG VXFK WKDW LWV + UHFRYHU\ FDQ EH LQFUHDVHG WR LWV PD[LPXP LQ RUGHU WR DYRLG WKH H[FHVVLYH SRZHU
FRQVXPSWLRQLQYROYHGLQWDLOJDVFRPSUHVVLRQDQGPLQLPLVHWKH+36$IHHGJDVIORZUDWH
7KHDGYDQFHG,*&&IRUFRJHQHUDWLRQFDQEHLPSURYHGE\LPSOHPHQWLQJWKHWDLOJDVUHF\FOHWRVKLIWUHDFWRUVVLQFH
LWFDQ LPSURYH WKH+SURGXFW\LHOGDQG WKHRYHUDOOSRZHUJHQHUDWLRQDQGFDQDOOHYLDWH WKHSRZHUFRQVXPSWLRQDW
SUHFRPEXVWLRQFDUERQFDSWXUHSURFHVV

$FNQRZOHGJHPHQWV
:H ZRXOG OLNH WR H[SUHVV RXU JUDWLWXGH IRU WKH ILQDQFLDO VXSSRUW IURP (365& *UDQWV 1R (3)
(3*DQG(3-DQG.(7(3*UDQW1R

2030   Mauro Luberti et al. /  Energy Procedia  63 ( 2014 )  2023 – 2030 
5HIHUHQFHV
>@&KLHVD3&RQVRQQL6.UHXW]7:LOOLDPV5&RSURGXFWLRQRIK\GURJHQHOHFWULFLW\DQG&2IURPFRDOZLWKFRPPHUFLDOO\UHDG\WHFKQRORJ\
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,*&&SURFHVVVLPXODWLRQDQGRSWLPL]DWLRQ&RPSXWHUVDQG
&KHPLFDO(QJLQHHULQJ
>@<DQJ-/HH&+$GVRUSWLRQG\QDPLFVRIDOD\HUHGEHG36$IRU+UHFRYHU\IURPFRNHRYHQJDV$,&K(-RXUQDO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
>@$KQ+/HH&+6HR%<DQJ-%DHN.%DFNILOOF\FOHRIDOD\HUHGEHG+36$SURFHVV$GVRUSWLRQ
>@3DUN-+.LP-1&KR6+3HUIRUPDQFHDQDO\VLVRIDIRXUEHG+36$SURFHVVXVLQJOD\HUHGEHGV$,&K(-RXUQDO
>@ 5LEHLUR $0 *UDQGH &$ /RSHV )96 /RXUHLUR -0 5RGULJXHV $( $ SDUDPHWULF VWXG\ RI OD\HUHG EHG 36$ IRU K\GURJHQ SXULILFDWLRQ
&KHPLFDO(QJLQHHULQJ6FLHQFH
>@5LEHLUR$0*UDQGH&$/RSHV)96/RXUHLUR-05RGULJXHV$()RXUEHGVSUHVVXUHVZLQJDGVRUSWLRQIRUK\GURJHQSXULILFDWLRQFDVHRI
KXPLGIHHGDQGDFWLYDWHGFDUERQEHGV$,&K(-RXUQDO
>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